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Introduction: Microwave ablation (MWA) uses non-ionising thermal energy to cause cell death by
coagulative necrosis. Colour Doppler ultrasound (US) produces a spherical image during tissue ablation
that appears to approximate the microwave near field (MNF) in shape and size. The aim of the present
study was to determine whether colour Doppler US images observed during microwave ablation correlate
with the actual thermocoagulation zone (TCZ) observed in liver tissue.
Methods: Twenty MWAs were performed in ex vivo bovine liver using a 915-MHz ablation antenna set
to 45 W for 6 min concomitant with Doppler US imaging. The edges of spherical images observed with
colour Doppler US were marked circumferentially in the tissue. The tissue was transected parallel to the
angle of antenna insertion, and the distances between methylene blue markings and the TCZ were
measured.
Results: The images observed using colour Doppler US were similar in size and shape to the actual TCZ
observed in the tissue. The mean distance between the observed colour Doppler US field diameter and
the measured TCZ was 2  1 mm.
Conclusions: Using colour Doppler US, the visualised field during MWA correlates with the TCZ in an
ex vivo bovine liver model. Real-time, dynamic feedback of the treatment area may increase the effec-
tiveness of MWA for liver tumours in vivo.
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Introduction
Thermal ablation is achieved by applying energy sources directly
into tumours. This technology was first used to treat liver tumours
with cryoablation and radiofrequency ablation.1,2 Microwave
ablation (MWA), the newest form of ablative therapy, retains the
clinical utility of older therapies while offering significant advan-
tages.3 In this modality, an antenna is positioned within a liver
tumour and connected to a generator. Microwave energy is
released from the antenna and evenly distributed throughout the
surrounding tissue creating a spherical zone of microwave energy
known as the microwave near field (MNF). When microwave
energy is applied to tumour cells it causes rapid heating to supra-
physiological temperatures within seconds after starting the abla-
tion, and the energy is homogeneously distributed.As the ablation
process continues, microwave energy within the near field causes
rapid oscillation of electrically-charged water molecules leading to
coagulative necrosis of all tissue within the MNF. The heat gener-
ated within the MNF is conducted outward as the ablation pro-
ceeds creating a surrounding zone of further coagulative necrosis.
This final zone of tissue necrosis is termed the thermocoagulation
zone (TCZ).1
MWA has been successfully used to treat liver tumours.2,4–10
Selection of antenna(e) and system settings are guided by manu-
facturer recommendations that estimate ablation sizes resulting
from various antenna frequencies delivered at specific power set-
tings for given lengths of time. Animal studies have also examined
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the optimal settings for ablation modalities.11,12 In addition to
system settings, the overall effectiveness of MWA depends on
accurate placement of antenna(e) within liver tumours. The con-
comitant use of two-dimensional ultrasound (US) duringMWA is
essential to guide proper antenna(e) placement into liver tumours
while avoiding vascular structures. Two-dimensional US without
colour Doppler can provide a crude estimate of tissue destruction
after MWA; however, this US mode provides no real-time infor-
mation regarding the size of the TCZ during MWA.
Accurate real-time identification of the ablation field would
help to ensure complete ablation of liver tumours. In clinical
settings, when colour flow Doppler US is used during MWA,
patterns of colour changes are observed throughout the ablation
process. It is hypothesised that the colour Doppler images
observed during MWA serve as a visual representation of the
actual microwave ablation field. The aim of the present study was
to evaluate the relationship between the thermocoagulation zone
generated during MWA and the visualised ‘field’ observed using
real-time colour Doppler US.
Methods
Fresh bovine liver specimens were obtained from a local abattoir
and placed in a water bath at 37°C for a minimum of 4 h before
use. Twenty separate ablations were performed using the Viva-
WaveTM Microwave Ablation System (Valleylab, Boulder, CO,
USA). A single 915-MHz microwave antenna was inserted to a
depth of 50 mm using ultrasound guidance to avoid major vas-
cular structures. The microwave antenna was connected to a gen-
erator set at 45 W, and ablations were performed for 6 min.
Surgical ultrasound (BK Pro Focus 2202; BK Medical, Denmark)
was performed throughout each ablation using the colour flow
mode, and changes in the visualised field were recorded. This
resulted in colour images with size and intensity of the images
increasing throughout the duration of each ablation (Fig. 1). Just
before the end of each 6-min ablation, the perimeter of the image
visualised with colour Doppler US was marked in each liver speci-
men by inserting a sharp wooden skewer dipped in methylene
blue. Four to six points were marked with methylene blue dye
along the periphery of the Doppler US zone (Fig. 2).
At the end of each ablation, the liver specimens were transected
along the plane of the microwave antenna to visualise the ther-
mocoagulated tissue and the methylene blue markings. Digital
calipers were then used to measure distance between the blue
markings and the TCZ (Fig. 3).
Results
Colour Doppler US produced images during each MWA. Doppler
images appeared within 30 s after the start of ablations, increased
in size and intensity, and ceased at the conclusion of the MWA.
After tissues were sectioned in the plane of the microwave
antenna, the blue marks were seen to represent elliptical shapes
and the TCZ was visualised as a pale, elliptical region of tissue
extending from a darker core, which represented tissue in direct
contact with the microwave antenna. Each methylene blue mark
was measured to assess its distance from the edge of the TCZ. The
mean distance between the blue markings and the actual TCZ was
2  1 mm.
Discussion
The results showed a strong relationship between the TCZ
observed after MWA and the images observed using colour flow
Doppler US during the MWA process. Concomitant use of colour
flow Doppler US during MWA produced dynamic colour changes
that began shortly after the ablation was started, increased in size
and intensity, and resolved at the end of the ablation. Further-
more, the mean diameter of the elliptical-shaped Doppler images
Figure 1 Representative colour Doppler image observed during
microwave ablation
Figure 2 Needles were inserted during the ablation, marking the
edges of the Doppler field with methylene blue
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was very similar to measurements of the actual TCZ. The progres-
sive increase in size and intensity of Doppler images as well as the
similarities in shape and measurement strongly suggest that
the Doppler images are dynamic, real-time representations of
the TCZ.
The ability to visualise the size and shape of the active ablation
zone as microwave energy propagates through liver tissue has
clinically relevant advantages. It allows the surgeon to ensure the
tumour is incorporated in the active ablation zone. Currently, the
ultimate size of the TCZ can only be inferred from calculated
estimates provided by the manufacturers. These estimates were
developed using laboratory studies involving serial ablations
at different power settings.4,12 Grey-scale two-dimensional ultra-
sonography is ubiquitously employed by liver surgeons for the
initial placement of ablation antenna(e). These data suggest that
the addition of colour Doppler US during MWA provides a
dynamic image that directly correlates with the size and shape of
the ablation zone occurring in the tissue. This advantage may
enhance a surgeon’s ability to achieve complete lesion ablation.
In the present study, colour flow Doppler was not used to
directly ‘visualise’ the MWA field, but it captured physical changes
in liver tissue within the thermocoagulation zone. Microwave
energy causes polarised water molecules within tissues to flip back
and forth 2 to 9 billion times per second depending on the fre-
quency of the microwave energy applied.2,13 This is several mag-
nitudes greater than the velocities that can be analysed by Doppler
US directly. We propose that the Doppler US captures an indirect
measure of changes in the active MWA field. Super-heated water
molecules within the MWA field may result in micro-bubble for-
mation within tissues as water molecules undergo rapid vapori-
sation during the MWA process. These micro-bubbles and their
movement within the ablation zone may explain the spherical
Doppler images.
Intra-operative US and MWA are potentially subject to vari-
ability that may increase the risk of inaccurate lesion targeting and
incomplete lesion ablation. For example, intra-operative US is
highly user dependent; therefore, liver surgeons performingMWA
must also be proficient with intra-operative ultrasound tech-
niques. Additionally, the microwave ablation field size and shape
can be distorted by anatomic variations in the surrounding tissue.
A prime example is the use of MWA in the vicinity of large hepatic
blood vessels in vivo, whichmay result in a ‘heat sink’ effect created
by blood passing adjacent to the lesion. The effects of this heat
dissipation are only relevant outside the microwave field in the
conduction zone.13 Similarly, individual livers may have different
dielectric properties because of underlying hepatic disease,
causing subtle differences in the size and shape of the ablation
field. These distortions of the microwave field, and thus the final
TCZ, are currently not detectable during the MWA process, and
may only become evident on follow-up imaging. Color Doppler
US may still accurately estimate the size of the MWA field in the
presence of these confounding tissue variables; however, this
should be tested in vivo.
Microwave ablation is an effective treatment for unresectable
liver tumours and may be equivalent to resective strategies as
well. This technique is distinguished from other types of abla-
tion modalities by a homogeneous ablation field that produces
faster ablation times, higher temperatures within tumours, larger
ablation volumes and the ability to use multiple antennae.13,14
The results of the present study suggest that the effectiveness of
MWA may be further enhanced by the use of colour flow
Doppler US, which allows for real-time approximation of the
active MWA field. Evaluation of Doppler US images acquired
with different settings, e.g. different antenna(e) and longer abla-
tion times, may further delineate the relationship between real-
time colour Doppler images and the TCZ observed in tissues.
Clinical studies are needed to determine whether using real-time
Doppler US concomitant with MWA will result in fewer incom-
plete ablations and decreased local recurrences. Finally, the
authors caution great care should be taken with placement of the
US transducer in juxtaposition to the MWA antenna. The energy
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